grains, the use of phytase enzymes and low phytic acid corn (Zea mays L.), combined with reductions in the Modifying poultry diets by reducing mineral P supplementation amount of NPP in diets, have been shown to effectively and/or adding phytase may change the chemical composition of P in reduce manure total P concentrations (Nahm, 2002).
chemical composition of manures and the speciation of of non-phytate phosphorus (NPP) and/or phytase, using a combinamanure P. These changes, in turn, may affect the potention of chemical fractionation and synchrotron X-ray absorption near tial for P retention and loss from manured soils.
edge structure (XANES) spectroscopy. All broiler litters were rich At present, from an agronomic standpoint only total P in dicalcium phosphate (65-76%), followed by aqueous phosphate is typically measured in manures before land application (13-18%), and phytic acid (7-20%); however, no hydroxylapatite was because the usual goal is to know the amount of manure observed. Similarly, normal turkey manure had 77% of P as dicalcium P added relative to crop P uptake or removal. Total P phosphate and had no hydroxylapatite, while turkey manure from measurements, however, provide no information on the diets that had reduced NPP and phytase contained equal proportions chemical forms of P present in manures or the impacts of dicalcium phosphate (33-45%) and hydroxylapatite (35-39%). This of modifying diets and other manure management pracis attributed to the higher total Ca to P ratio (Ͼ2) in modified turkey manures that resulted in transformation of more soluble (dicalcium tices on the fate, plant availability, and mobility of maphosphate) to less soluble P compounds (hydroxylapatite). Chemical nure P in soils. There are other methods available to fractionation showed that H 2 O-extractable P was the predominant characterize the forms of P in manures; the majority 
of chemical fractionation and XANES provided information about
Recently, there has been an increased interest in the the nature of P in these manures, which may help to devise best management practices for manure use.
use of new analytical methods such as 31 P nuclear magnetic resonance (NMR), enzymatic hydrolysis, and synchrotron-based XANES spectroscopy to characterize the organic and inorganic species of P present in ma-O ver the last two decades, significant efforts have nures and manured soils. Solution 31 P NMR has been been made to prevent the eutrophication of sursuccessively used to characterize organic P in manures, face waters by agricultural P. One of the major contribproviding insights into the dynamics and availability of uting factors to nonpoint P pollution by agriculture has manure organic P (Toor et al., 2003 (Toor et al., , 2004a . The major been the overapplication of manure P relative to typical disadvantage of this method is that specific mineral crop needs, particularly in areas where animal producforms of P (e.g., Al-P, Ca-P, Fe-P), which can be as tion has been geographically concentrated and manure much as 80% of manure total P, cannot be identified surpluses are common (De Clerq et al., 2001; Sims et (Dou et al., 2002; Ebeling et al., 2002; Toor et al., 2004a; Toor et al., 2004b) . Long-term overapplication Turner, 2004) . This is because solution state NMR samof manure P to soils often leads to increased transfer of ple preparation uses a chemical extractant, typically P to ground and/or surface water (Sharpley et al., 2003;  NaOH-EDTA, that dissolves all P minerals, thus only Sims et al., 1998; Toor et al., 2004a) . One promising allowing for quantification of the total concentration of approach that may help to reduce the manure P surplus inorganic P present. Solid state 31 P NMR can be used problem is modification of animal diets to reduce the to study manure P without extraction and dissolution amount of total P excreted. In the case of monogastric of P minerals. However, interferences due to complexanimals, such as broiler chickens and turkeys, which ation of P with paramagnetic cations such as Fe, Al, and lack the enzymes needed to digest phytic acid in feed Mn can limit the applicability of this method (Hunger et al., 2004 Angel et al. (2002) tase or in combination with low phytic acid corn.
Litter and Manure Chemical Analysis MATERIALS AND METHODS
Total P in litters and manures was determined by microwave Manure Sample Selection digestion using concentrated HNO 3 followed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) The broiler litters and turkey manures used in this study (USEPA, 1986) . We also sequentially extracted 0.2 g of mawere generated during previous experiments designed to asnure with 40 mL each of deionized H 2 O, 0.5 M NaHCO 3 , 0.1 M sess the effects of dietary modification on P concentrations NaOH, and 1 M HCl followed by filtration through a 0.45-and forms in litters, manures, and soils amended with these m membrane filter paper using a slightly modified Sharpley materials (Maguire et al., 2003; J.T. Sims et al., unpublished and Moyer (2000) method, which is adapted from the soil P data, 2000). fractionation scheme of Hedley et al. (1982) and Tiessen et al. (1983) . The P concentration in all extracts was determined Broiler Litters by ICP-OES and residual P was calculated as the difference Broiler litter was generated in three consecutive 53-d floor between total P separately measured with microwave digestion pen trials. In each trial, there were six dietary treatments and the sum of sequentially extracted P fractions. with 10 replications of 46 chicks each. Details of the diet formulation can be found in J.T. Sims et al. (unpublished data, X-Ray Absorption Near Edge Structure Spectroscopy 2000). In brief, chickens were fed two different types of corn: normal corn (NORC) or high available phosphorus corn Phosphorus K-edge XANES spectroscopy of all litters and manures was conducted at the Canadian Synchrotron Radia-(HAPC). Normal corn had 0.27% total P (phytic acid: 0.19% [70% of total], NPP: 0.08% [30% of total]). High available P tion Facility (CSRF) at the University of Wisconsin-Madison Synchrotron Radiation Center (SRC) using a double crystal corn was developed using the low phytic acid 1-1 (lpal-1 ) allele of the corn LPA1 gene, and contained 0.27% total P (phytic monochromator (DCM) beamline. Beamline configuration and experimental parameters were set up as recommended acid: 0.10% [37% of total], NPP: 0.17% [63% of total]) (Raboy et al., 2000; Raboy and Gerbasi, 1996) . These two types of by previous researchers (Sarret et al., 1999) using the CSRF DCM. Air-dried, ground samples were analyzed by placing corn were amended with either the normal amount of NPP or reduced concentrations of NPP and microbial phytase (Naa small amount of sample on a piece of graphite tape and transferring it into the ultra high vacuum (UHV) chamber. tuphos; BASF, Mount Olive, NJ). The reduction of NPP in these diets resulted in nonsignificant effects on broiler growth, The beamline was calibrated using P powder to an edge energy of 2145 eV in the total electron yield (TEY) spectrum. For health, and bone development (J.T. Sims et al., unpublished data, 2000) .
XANES experiments, the storage ring was operated at either 800 MeV or 1 GeV. The CSRF DCM is a UHV beamline, so The details of diets formulated with NORC are as follows: (i) NORC diet ϭ 0.43% NPP, (ii) NORC-0.1% NPP ϩ it was possible to collect both fluorescence yield (FY; via a multichannel plate detector) and TEY (current yield) on powphytase ϭ 0.33% NPP and phytase, and (iii) NORC-0.2% der samples. Total electron yield probes only the surface of (variscite). The maximum number of standards chosen for samples, while FY provides information on bulk sample prop-LC-XANES fitting was based on running principal component erties. The TEY data were used for quantitative analysis beanalysis on the set of nine manure samples (six broiler and cause it is not as subject to self-absorption distortions of the three turkey) discussed in this paper. It was found that four spectra. These distortions caused by self-absorption typically components were needed to describe this data set. The P decrease the intensity of the white line peak (Khare et al., standards needed to obtain a good fit to the litter and manure 2004) and could make linear combination (LC) fitting over samples used in this study were dicalcium phosphate (monetite the full spectral range somewhat difficult to do quantitatively. phase), hydroxylapatite, phytic acid, and aqueous phosphate. Multiple scans (3-5) were averaged (after correcting for edge
The P XANES spectra of these standards are shown in Fig. 1 . shifts, if necessary) to improve signal to noise. The P XANES While there is little difference in spectral features between spectra were analyzed using WinXAS v. 2.3 (Ressler, 1998) .
aqueous phosphate and phytic acid, the intensity of the white All spectra were background subtracted, and normalized over line peak is decreased in phytic acid and the shape of the the energy range of interest (2145-2199 eV) to an edge jump oxygen oscillation is somewhat changed. of 1.0. As a test of variance in the XANES data, individual Linear combination fitting was conducted over the spectral scans were compared with the averaged final scan after backrange of 2145 to 2190 eV. This large energy range (45 eV) was ground subtraction and normalization. The variance of indiused to include the entire oxygen oscillation and all resonance vidual scans from the published "averaged" scan was less than features of the XANES spectra. This increases the likelihood 0.2% over the 2145 to 2190 eV range. Manure samples were that somewhat similar spectra (phytic acid and aqueous phosthen fit using a variety of P reference standards (discussed phate) can be better differentiated with the fitting routine. below) and the LC approach of WinXAS 2.3. WinXAS allows
The fitting was performed in two stages. Initially, E 0 values users to visually inspect the quality of fit by showing individual were allowed to vary to provide an initial guess of percent components, the final total fit, and the residual along with the contribution. A second iteration was then performed with E 0 raw data being analyzed.
values fixed to "0" for all components. Not all references were needed to fit every sample; phytic acid and dicalcium
Phosphorus Standards for X-Ray Absorption Near
phosphate were found in both broiler litters and turkey ma-
Edge Structure Spectroscopy
nures but aqueous phosphate was found in only broiler litter and hydroxylapatite in only two turkey manures. There were Initially, many standards were also compared with the mano samples in which both hydroxylapatite and aqueous phosnure samples, including ammonium and sodium phosphate phate were found. salts, Fe(II) and Fe(III) phosphate minerals, calcium phos-
The choice of aqueous phosphate as a standard for fitting phate minerals (monetite, hydroxylapatite, fluoroapatite, calcium phosphate tribasic), and aluminum phosphate minerals in these dried and evacuated manure samples deserves further H 2 O-P were probably due to the more digestible forms tween litter H 2 O-P and litter dicalcium phosphate, suggesting that most of the P extracted with H 2 O originated of P in low phytic acid corn. This would increase absorption of P by the broilers during digestion of feed but from the dissolution of dicalcium phosphate. Further, the proportion of dicalcium phosphate determined by also increase the percentage of excreted P found in H 2 Oextractable form. Reducing NPP and using phytase in XANES was similar (64-79%) to H 2 O-P (56-77%) for all litters except for that generated using the HAPCcombination with HAPC decreased the concentration of H 2 O-P, and HCl-P, relative to the HAPC diet. For 0.2% NPP ϩ phytase diet. This HAPC-0.2% NPP ϩ phytase sample seems to be a bit anomalous in that it the HAPC diet with a 0.1% reduction in NPP, the use of phytase again increased the percentage of H 2 O-P in could be fit acceptably well using only dicalcium phosphate. However, it is also possible to fit these spectra litters (77%), compared with the HAPC (67%) and NORC (56%) diets. As with NORC diets, this suggests quite well to HAPC-0.2% NPP ϩ phytase sample (see the fit results in Fig. 3 ) with a mixture of 53% dicalcium that further reductions in dietary NPP would result in reduced H 2 O-P concentrations in litters. We did observe phosphate, 11% hydroxylapatite, and 35% phytic acid. If that fit result (which has a slightly higher residual such a decrease in the diet that combined HAPC, a 0.2% reduction in NPP, and phytase, where the concenthan purely dicalcium phosphate) is used, then the speciation of phosphate actually makes more sense in the tration of litter H 2 O-P was reduced by 42% (7.8 g kg Ϫ1 ) compared with the HAPC diet (13.5 g kg
Ϫ1
). Furtherfollowing discussion about Ca to P ratio and H 2 O-P effects on P speciation for all manures (both broiler and more, the percentage of litter H 2 O-P in this diet (69%) was very similar to the HAPC diet, less than all other turkey). It is reasonable to use a mixture that contains organic P in the fitting because all other samples show diets using phytase, but still greater than the NORC diet.
In general, chemical fractionation results suggest that 10 to 20% contributions from that species making it unlikely that this component would be completely abinclusion of phytase in diets is more effective at reducing litter total P than litter soluble P and will increase the sent. However, this suggests that the XANES fitting is not 100% conclusive for this particular sample (HAPCpercentage, but not necessarily the concentration of soluble forms of litter P. Accurate manipulation of dietary 0.2% NPP ϩ phytase). This could be because the hydroxylapatite content is low enough to make the fitting NPP and phytase concentrations can clearly reduce litter H 2 O-P concentrations. Reductions in total P are probaless reliable (11%), or it could be that the raw spectrum was somewhat noisier because the total amount of P in bly due to reduced excretion of phytic acid and other recalcitrant organic and mineral forms of litter P (HCl-P this sample was less than the others (due to diet), or that at this intermediate Ca to P ratio range octacalcium and residual P). However, chemical analysis alone cannot identify the insoluble mineral forms of P or explain phosphate is actually the stable phase and not hydroxylapatite. This would be in agreement with thermodynamthe sources of litter H 2 O-P. Therefore, we next used XANES spectroscopy to further characterize litter P ics, but adding a fifth component to the LC-XANES fitting for this sample only would be problematic. This speciation.
The XANES spectroscopic data showed that the peris especially true because the XANES spectra of octacalcium phosphate are expected to be fairly similar in feacentage of aqueous phosphate was three-to fivefold lower (13-18%) than H 2 O-P (56-77%) in all broiler tures to that of hydroxylapatite (Hesterberg et al., 1999) . Based on these data, we suggest that litter H 2 O-P litters (Table 2 , Fig. 2 and 3) . This suggests that all the P extracted with H 2 O and measured by ICP-OES was mainly originates from the dissolution of litter dicalcium phosphate, with contribution from aqueous phosphate not simply orthophosphate dissolved in the H 2 O phase of the litters. Instead, much of the litter H 2 O-P was and P adsorbed by litter solid phases. This suggests that experimental parameters such as equilibration time and probably adsorbed on the surfaces of solid phases in litters or present as readily soluble P minerals such as solid to solution ratio should affect the amount of adsorbed and precipitated P that is solubilized by a water dicalcium phosphate, which dissolved during the H 2 O extraction. We found a significant positive correlation extract, and that these effects should be similar to dicalcium phosphate solubility and dissolution rates. (r ϭ 0.85, significant at the 0.001 probability level) be- The P XANES spectra for NORC litters were similar phosphate in the reduced NPP and phytase litters are to dicalcium phosphate and phytic acid, with some slight attributed to the hydrolysis of phytic acid to inorganic variations noted with changes in diet ( Fig. 2 and 3) . In phosphate during digestion, which was then precipitated contrast to the chemical fractionation results for litter in litters as dicalcium phosphate. This is supported by H 2 O-P, the percentage of aqueous phosphate deterlower phytic acid concentrations in reduced NPP and mined by XANES was similar for unamended and rephytase generated litters. For example, in NORC litter, duced NPP and phytase litters. The percentage of dicalphytic acid was 20%, which decreased in NORC-0.1% cium phosphate, however, did increase when NPP was NPP ϩ phytase (12%), and NORC-0.2% NPP ϩ phytase reduced and phytase included in diets (Table 2) . For (7%). A similar trend can be seen for the HAPC generated example, dicalcium phosphate was 65% for NORC, 72% litters. A strong positive correlation (r ϭ 0.96, significant for NORC-0.1% NPP ϩ phytase, and 80% for NORCat the 0.001 probability level) observed between HCl-P 0.2% NPP ϩ phytase litters. A similar trend was seen (4.1-21.7%) and phytic acid (7-20%) suggests that HCl for HAPC generated litters (Fig. 2 and 3) , with the mainly extracts phytic acid in broiler litters. This conexception of the HAPC-0.2% NPP ϩ phytase litter where tention is supported by recent NMR studies of litter P no aqueous phosphate was found but a small contribuspeciation (Maguire et al., 2004; McGrath, 2004 ). The greater percentages of dicalcium drolyze phytic acid, reduced manure total P by 40% (Table 3 ). Manure from a P deficient diet (decreased supported by the phytic acid concentrations, which were only 16% in manure from P deficient and phytase diet NPP, without phytase) had 35% less total P than that produced from the normal diet.
compared with 32% in manure from P deficient alone diet. The proportion of H 2 O-P was greatest at 36.3% in the normal manure, and decreased to 8.8% for P defiBoth NaHCO 3 -P and NaOH-P percentages were slightly greater in the P deficient and phytase manure cient and 9.1% for P deficient and phytase manures ( Table 3) . The large decrease in manure H 2 O-P can be compared with the P deficient alone and normal manures (Table 3 ). Greater percentages of these chemical attributed to the reduction in NPP from 0.70 to 0.36% in P deficient and phytase diets. XANES spectroscopy P fractions, especially NaOH-P, were found in turkey manures than in broiler litters (Table 1) . In further con-( Fig. 2 and 3) showed that in the normal manure, all inorganic P was found as dicalcium phosphate (77%), trast to the broiler litters, there were greater percentages of HCl-P in the P deficient (32.9%) and phytase (36.7%) while, in the manures from the phytase and P deficient diets, 33 to 45% of manure P was found as dicalcium phosmanures compared with normal manure (24.3%). While this might suggest that adding phytase and reducing phate and another P species, hydroxylapatite, emerged (35-39%) ( Fig. 3 and Table 4 ). No aqueous phosphate NPP increased the phytic acid concentrations in resultant manures, XANES data showed that phytic acid was detected in any of the turkey manures. These manures were produced from diets that had similar levels was lower in phytase (16%) than normal (23%) and P deficient (32%) manures. Additionally, the percentage of Ca, but varying levels of total P, thus resulting in different Ca to P ratios in the ingested diets and excreted of HCl-P in normal manure (24%) was very similar to phytic acid determined with XANES (23%), which manures. The higher percentage of dicalcium phosphate in the normal manure may be because this diet had the suggests that HCl extraction only removed phytic acid from normal manure. The increases in HCl-P observed highest concentrations of P and thus produced manure with the lowest total Ca to P ratio (1.09). However, in in the phytase and P-deficient manures were unlike broiler litters. Thus, in absence of hydroxylapatite the P deficient and phytase manures, the Ca to P ratio was higher (2.06-2.21) due to the reduced amount of (broiler litters, normal turkey manure), H 2 O extracts P primarily from dicalcium phosphate and HCl extracts dietary NPP and similar concentrations of dietary Ca. The higher Ca to P ratios in turkey diets apparently P as phytic acid. However, in the P deficient manure and phytase manures, it seems likely that HCl extracts resulted in the formation of hydroxylapatite. The equal proportions of hydroxylapatite and dicalcium phosphate P from both phytic acid and hydroxylapatite. The percentage of residual P was greater in P deficient alone in P deficient and phytase manures suggest that, unlike broiler litters, P solubility in these turkey manures would (26%) and P deficient and phytase (18%) manures than normal manure (8%) ( Table 3 ). The greater percentage be a function of the relative solubility of two P minerals. In manures where only dicalcium phosphate was presof residual P in the former manures may be due to the reduction of NPP, and/or hydrolysis of phytic acid, ent, H 2 O-P was much higher (Ͼ36%) than manures with mixed mineral phases (hydroxylapatite and dicalcium which resulted in greater release of inorganic phosphate, which may have then precipitated with other metal catphosphate; Ͻ10% H 2 O-P). We also observed a greater proportion of dicalcium phosphate (45%) and hydroxylions (e.g., hydroxylapatite) that could not be completely removed by the extractants used in this fractionation apatite (39%) in the P deficient and phytase manure than the P deficient alone manure, which suggests that adding scheme. In contrast, the lowest proportion of residual P in the normal manure is probably due to the greater phytase released inorganic P from phytic acid during digestion which led to subsequent precipitation of P as removal of P in the first step of chemical extraction (i.e., with H 2 O). dicalcium phosphate and hydroxylapatite. This is also 
Calcium Effects on Phosphorus Forms in Broiler
phate phase controls solubility then more aqueous phos-
Litters and Turkey Manures
phate will be present in the litters and manures. The XANES results are strengthened by the fact that it is X-ray absorption near edge structure spectroscopy well known that different phases limit calcium phosresults indicated that shifts from dicalcium phosphate to phate solubility as the Ca to P ratio is changed. For hydroxylapatite were occurring in some of the samples.
example, at Ca to P ratios of 1.0 dicalcium phosphate Accordingly, examining the Ca to P ratio in litters and dominates, at Ca to P ratios of 1.5 tricalcium phosphate manures may provide insight on the controlling factor is dominant, and at Ca to P ratios of 1.67 and above in P speciation for these samples. The relationship behydroxylapatite is the stable phase (Ben-Nissan et al., tween different chemical species (from XANES analy-1995) . sis) and total Ca to P ratio and H 2 O-P levels is seen in Fig. 4 . There was no apparent relationship between Ca to P ratio and phytic acid concentration for these sam-CONCLUSIONS ples. However, the relative proportion of other P species
The reduction of NPP and addition of phytase in (aqueous phosphate, dicalcium phosphate, hydroxylapdiets resulted in decreasing phytic acid and increasing atite) clearly depended on the litter or manure Ca to P dicalcium phosphate in broiler litters, and in formation ratio. At Ca to P ratios less than 2.0 in wastes, aqueous of hydroxylapatite in turkey manures. Importantly, the phosphate can be observed in the broiler litter and norinclusion of phytase in diets did not affect the aqueous mal turkey manure samples and dicalcium phosphate is phosphate concentrations in broiler litters. A strong corthe only mineral phase present. At Ca to P ratios of relation between H 2 O-extractable P and dicalcium phosgreater than 2.0 (turkey manures), however, hydroxylphate suggested that H 2 O extraction removed a part apatite can be observed whereas aqueous phosphate of dicalcium phosphate, whereas HCl extraction was contributions disappear. This is in good agreement with effective at removing phytic acid from broiler litters, and calcium phosphate chemistry. Hydroxylapatite is far less a mix of phytic acid and hydroxylapatite from modified soluble than dicalcium phosphate, so when this phase turkey manures. The XANES spectra were useful in controls P solubility then solution P levels are expected to be very low. When the more soluble dicalcium phosidentifying that part of H 2 O-P in broiler litters was pres-
